Abstract-Biological research requires new tools for cell micromanipulations. Currently, biological cell sizes range from a few to hundreds of micrometers, their manipulation therefore belonging to the field of microrobotics. This paper presents a new wireless micromanipulation system which allows cells placed in a droplet of liquid to be pushed on a glass slide. The cell micropusher is a ferromagnetic object which follows the movement of a permanent magnet located under the glass slide. It has been proved in previous works that two kinds of micropusher movements can induce a movement of the pushed object: turning the micropusher around the contact point (rotation), or moving the micropusher in translation. Rotation allows an object to be placed with a precision below 1 m, but acts within a narrow range. Translation allows placement of an object with lower accuracy, but within a wide range. We propose a specific coarse-fine control strategy to push an object, with good precision, within a wide range. Furthermore, experimentation on polystyrene balls of 50 m in diameter, and immature human oocytes of 150 m in diameter are presented.
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Note to Practitioners-Biological research requires new tools for cell micromanipulations. Currently, biological cell sizes range from a few hundred micrometers; their manipulation, therefore, belongs to the field of microrobotics. This paper presents a new wireless micromanipulation system which allows cells placed in a droplet of liquid to be pushed on a glass slide. The cell micropusher is a ferromagnetic object which follows the movement of a permanent magnet located under the glass slide. It has been proven in previous works that two kinds of micropusher movements can induce a movement of the pushed object: turning the micropusher around the contact point (rotation), or moving the micropusher in translation. Rotation allows an object to be placed with a precision below 1 m, but acts within a narrow range. Translation allows placement of an object with lower accuracy, but within a wide range. We propose a specific coarse-fine control strategy to push an object, with good precision, within a wide range. Furthermore, experimentation on polystyrene balls of 50 m in diameter, and immature human oocytes of 150 m in diameter are presented.
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I. INTRODUCTION
P RESENTLY, there is great interest in the automation of cell micromoving, testing, characterization, and treatment [1] - [6] . In fact, biological micromanipulations are currently performed manually, and efficiency is relatively low. Automation and development of new cell characterizations may lead to the proposal of new automatic processes with higher efficiency. This study focuses on the invitro-fertilization (IVF) process, whose efficiency is currently only about 30%. Our goal is to build an automatic IVF device composed of standard modules, such as a cumulus removal module, and an oocyte stiffness sensor module or an injection module. A cell transport system to supply all of the modules is also needed. Two modules are presently under development: the oocyte stiffness sensor module [7] , [8] and the transport system described here. This work is under way in collaboration with physicians: Prof. C. Roux of the Genetic and Reproduction research team of the University of Franche-Comté, France.
Conventional glass micropipette is a competitive tool for the manipulation of oocytes. However, complex trajectories, complex shunting, or manipulation of an oocyte placed behind another oocyte cannot be performed with conventional micropipettes. Consequently, we propose a new technology allowing complex oocyte trajectories.
The cell transport module can push an oocyte placed in a droplet of a biological liquid on a glass slide with a ferromagnetic microscopic pusher (200 200 20 m ). This pusher follows the movement of a permanent magnet located beneath the glass slide [ Fig. 1(a) ]. Two types of pusher movements can generate an object motion by pushing:
• contact point movement between the glass slide and the pusher [ Fig. 1(b) ]; • pusher rotation around the contact point [ Fig. 1(c) ]. The first type induces large movements but is disturbed by friction effects, whereas the second induces fine movements without friction disturbances. Consequently, the pusher may be compared to a micro-macro positioning system. As both micro and macro movements depend on the same input (magnet position), classical micro-macro positioning strategies are not us-1545-5955/$20.00 © 2006 IEEE able. This article, therefore, proposes a specific micro-macro positioning strategy for control of the pushed object's position.
Previous studies of the micromanipulation device were undertaken in [9] and [10] . Modeling of the pusher behavior in the function of both friction properties and magnetic properties was studied in [10] . This article focuses on the strategy used for the automatic control of the position of the manipulated object. Since a presentation of pusher behavior is necessary to understand control strategy, Part III is devoted to a summary of the model presented in [10] .
In Part II, the micromanipulation experimental device is presented. Part III describes micropusher behavior in function of the magnet position, and summarizes the model presented in [10] . Part IV presents the control strategy and the controller. Experimental micromanipulations and control tests are presented in Part V.
II. EXPERIMENTAL MICROMANIPULATION DEVICE
Magnetic energy is of great interest in micromanipulation [11] - [20] , especially in cell manipulation. Obviously, the magnetic field easily crosses glass slides used in biological manipulations [21] . By this way, an external magnetic field is thus able to control the position of a submerged micro-object without mechanical contact with the external environment. The use of wireless energy avoids cross contamination between external and biological media. Furthermore, cells are generally neither magnetic nor ferromagnetic, so the magnetic field does not disturb the cell positions. Finally, the magnetic field disturbs neither the movement nor the chemical properties [21] of the aqueous media. Given these advantages, we chose to use magnetic energy to build the cell micromanipulator.
The micro-pusher is made of electroplated nickel [9] . Presently, the micro-pusher is not biocompatible and we are working on two solutions: encapsulation of the current micropusher in a biocompatible material and the use of magnetic biocompatible materials.
A photo of the experimental device is presented in Fig. 2 . The magnet is a cylindrical magnet of axis with vertical magnetization, a diameter of 5 mm and a thickness of 1 mm.
This principle allows controlling the position of the micropusher in two directions; however, the modeling of the device and the control strategy are presently undertaken in a single direction . In this article, we present the strategy used to control the position of the micropusher in this direction. The magnet moves along the axis by means of a micro-actuator (Fig. 2) .
The voltage input of the micro-actuator is controlled by computer (Fig. 3) , and the magnet position is measured by a laser position sensor. The workplace image, determined by a charge coupled device (CCD) camera, allows measurement of both the micropusher and cell positions. the micropusher contact point position and center of gravity are measured via a binary image furnished by the CCD camera.
III. MICROPUSHER BEHAVIOR
This part summarizes pusher behavior (orientation and translation) so as to introduce a comparison between our device and a standard micro-macropositioning system. A control strategy outline is presented, and detailed in the next part.
To present micropusher behavior, some notations are necessary: point is the center of the top of the cylindrical magnet defined in Fig. 4 . Points and respectively designate the center of gravity of the micropusher and the contact point between the micropusher and the glass slide. Micropusher height is noted .
If we consider only one axis of movement (direction in Fig. 2 ), two parameters define the position of the micropusher:
• position of the contact point ; • micropusher orientation defined by
[ Fig. 4(a) ]. 
A. Micropusher Orientation
Pusher orientation is given by the equilibrium between magnetic force torque and magnetic torque. Magnetic force torque aims to put the pusher on the glass slide, while magnetic torque aims to align pusher on the magnetic field lines. In microscale, the magnetic torque is greater than magnetic force torque, and the pusher remains aligned on the magnetic field line, the latter fact proved in [10] .
Micropusher orientations are presented in Fig. 4(b) . It was also proved that the micropusher orientation is proportional to the difference (1) with function of the micropusher shape with (2)
B. Translation Behavior
Contact point behavior is defined by Coulomb's friction laws. A synthesis of this behavior is presented in Fig. 5 . In Fig. 5 (a) and (c), the micropusher moves by small fits and starts in the same direction as the magnet . Fits and starts are induced by the friction on the glass slide, a phenomenon called stick-slip. In these cases, contact point moves and micropusher orientation remains constant. In Fig. 5 (b) and (d), the point is fixed, the micropusher remains aligned on the magnetic field lines. Micropusher orientation changes; thus, the center of gravity position changes also. Therefore, point moves in the opposite direction of the magnet . When the magnet goes forward and backward, the position describes the hysteresis cycle presented in the center of Fig. 5 .
Complete modeling of the pusher behavior is presented in [10] . To simplify the control strategy presentation, the stick slip effect is not take into account in the following explanations, though the control strategy experimentations presented are carried out on a simulator which does takes this effect into account.
The contact point position is a "backlash function" (or "dead-zone function") in function of the magnet position (Fig. 5) . Parameter is defined so that represents the play found in this backlash function. Thus 
Moreover, satisfies from (7) with (8) Briefly, the position of the micropusher center of gravity is the sum of and (1). The contact point position is a backlash function of the magnet position , and pusher orientation depends on and (6). The block function defined in Fig. 6 is obtained and noted PUSHER1D. 
C. Micro-Macro Positioning System
The micropusher has two types of behavior (Fig. 6 ).
• contact point is fixed and the movement of the magnet modifies the orientation of the micropusher ; • contact point moves in the same direction as magnet , distance is constant, and orientation is constant . The center of gravity movement induced by the modification of the micropusher orientation is noted "MICRO movement." Likewise, the movement of the micropusher center of gravity induced by the contact point movement is noted "MACRO movement." MICRO and MACRO movements cannot both occur at the same time. The properties of both behaviors are presented in Table I . In fact, MICRO movement is not disturbed by the stickslip effect and so can induce a precise movement but only within a narrow range. Contrary to MICRO movement, MACRO movement is disturbed by the stick-slip effect, but acts within a wide range.
Our system is comparable to a micro-macro positioning system [ Fig. 7(a) ]. The greatest difference between a conventional micro-macro positioning system [described in Fig. 7(b) ], and this system [described in Figs. 6 and 7(a)] is that our device has only one input for both behaviors (MICRO and MACRO). Control strategies used in conventional micro-macro positioning systems (see example in [23] ) are not usable. 
D. Control Strategy
The control strategy goal is to control the position of the pushed object. We consider that the diameter of the object is the height of the manipulator. If and are defined as the center of gravity of the cell and the manipulator, respectively, then the distance is
because from (10) from
We assume in this article that the relative position of and is a constant . Therefore, the relative position between the pusher center of gravity reference and the object reference is a constant also [ Fig. 8(a) ]. Consequently, it can be considered that object position control is equivalent to micropusher gravity center control. Thus, only the position control of the pusher gravity center is studied.
The specific control strategy is described briefly in Fig. 8 . The objective is to push an object from the initial position [ Fig. 8(a) ] to the reference position [ Fig. 8(f) ]. We propose two steps.
Step 1) a MACRO movement Fig. 8(b) -(c).
Step 2) a MICRO movement Fig. 8(d)-(e) . In the next section, the control strategy used to induce the behavior described in Fig. 8 is described.
IV. POSITION CONTROL
This section is devoted to the description of the position controller, which is comprised of a supervisor and three specialized PI controllers.
A. Supervisor Description
The PUSHER1D block function defines the behavior of in function of . This function switches between two linear behaviors (MICRO and MACRO). We chose to build two specific controllers for each behavior (MICRO and MACRO). The objective of the supervisor is to choose the controller according to both reference position and micropusher position and orientation.
The controllers used for MICRO and MACRO movements are noted "fine controller" and "coarse controller," respectively. The next sections present the specificities of these two kinds of controllers.
1) Fine Control: we define the condition for fine controller use by means of the "approach zone" noted . The center of is the reference position , and satisfies Fig. 9 is accessible by in MICRO movement (12) Parameter is defined as the maximal value of orientation (introduced in (8)), so:
is accessible in MICRO movement
First, we consider that the choice between both fine and coarse controllers satisfies fine control (15) coarse control (16) Fine control is used to put the micropusher center of gravity to the reference. We choose to control the position during the fine control.
2) Coarse Control: in this section, we analyze the configuration when the contact point is not in the approach zone (17) The objective of coarse control is to put contact point in approach zone . We, therefore, generally choose to control position in coarse control. However, the control loop used to control the contact point position includes the CCD camera which has a sample time of 40 ms (Fig. 3) . The internal control loop has a sample time of 2 ms, defined by the time it takes to read the magnet position, to treat the information, and to send the voltage output. Contact point position measurement (by the CCD camera) is useful only when the contact point is near the zone . When point is far from , we choose to determine its position by means of a position estimator without the CCD camera. Two cases are possible:
• the contact point is far from the reference position and ; • the contact point is far from the reference position and . In the first case [ Fig. 10(a) ], the magnet must be moved to the left. This strategy is noted "left estimator control." In the other case [ Fig. 10(b) ], the magnet is moved to the right-hand side, a strategy noted as "right estimator control." The two cases are symmetrical; thus, we present only the "right estimator control" case , in which the contact point is located to the left of the reference position. The device uses the MACRO movement to move the contact position to the right . Also, orientation is minimal (Table I ) (18) from (19) from (20) Distance represents the play found in the backlash function. This play depends on the friction properties between the micropusher and the glass slide. We note , an estimation of this play . Therefore, the estimation position of the position is (21) with an estimation of distance (22) The estimation of contact point position is determined only in function of magnet position . If we generalize to both directions (right and left), we obtain Parameter defines the transition condition between estimator control and coarse control. The maximal value of is (Fig. 10) . With a high value [near ] , the major part of the control is performed with estimator control, velocity is high, and the risk of overshoot is high too. With a low value (zero or even negative), the major part of the control is performed with coarse control and response time is high. Experimentally, we chose to use as the maximal value of this parameter, which avoids overshoot (27)
3) Synthesis of Control Strategy:
We have defined three controllers: 1) fine controller; 2) coarse controller; 3) estimator controller (left or right). According to contact point position , reference and magnet position , the supervisor chooses the controller as described in Fig. 11 .
B. Three Controllers: Detailed Description
To obtain the coarse/fine control strategy chosen, the supervisor switches between three controllers (fine, coarse, and estimator). A description of these three controllers is presented in this section.
1) Fine Controller: the objective of fine control is to use a MICRO movement to place the micropusher centre of gravity at reference position (Fig. 6) . We control the position with a standard PI control loop, presented in Fig. 12 , with reference . The controller is adjusted to avoid overshoot. The static gain of the block PUSHER1D in MICRO movement is negative, so the controller has a negative gain represented by the block in the control loop.
2) Coarse Controller: the objective of coarse control is to put the contact point in approach zone . The position is controlled with the reference (center of ), by means of a standard PI controller defined in Fig. 13 . 3) Estimator Controller: as described previously, there are two cases:
• left estimator control; • right estimator control.
As previously mentioned, we present only the "right estimator control" case. The estimated position of the contact point depends on the magnet position measured by the laser sensor from The control loop built with this estimated contact point position is presented in Fig. 14.
An equivalent control loop that does not modify the internal loop is presented in Fig. 15 . Using an estimated contact point position is equivalent to an open loop control with a reference (28)
If we generalize to both directions, we obtain the following:
• right estimator control ; • left estimator control .
V. EXPERIMENTAL RESULTS
Experimental results on the control strategy and micromanipulations performed with the magnetic pusher will be described.
A. Control Strategy Experimentation
In this section, a comparison between the simulated controller and the experimental results is presented.
In Fig. 16 , reference is a square signal ( m). We present the simulated and experimental micropusher positions , simulated and experimental magnet positions , and the reference . At , reference position changes.
• First, the supervisor uses the right estimator controller to induce a fast movement of the magnet.
• When the position of the magnet satisfies , the supervisor switches to the coarse controller. The change of controllers (at around ms) is not visible in Fig. 16. • At s, the pusher is near the reference position, and the contact point position enters the approach zone. 
The experimental device does not have exactly the same behavior as two identical reference positions. These differences are induced by the sliding properties between the pusher and the glass slide. Actually, these friction properties (static and dynamic friction coefficient) are random functions. The presented simulation does not take into account this random function and uses uniform average sliding properties. These random sliding conditions explain the differences in magnet positions between s and s. Nevertheless, these random behavior variations do not disturb the pusher position [ Fig. 16(b) ]. Consequently, friction behavior does not disturb the objective of our controller.
In a standard controller, which does not use the MICRO movement to achieve the reference, the precision is disturbed by the stick-slip effect. Yet, stick-slip pusher jumps depend on the surface properties and range from 5 to 20 m [10] . Thus, the repeatability of standard controllers is greatly limited by this physical constraint. With our proposed controller, the reference is achieved in MICRO movement without stick-slip disturbances. Consequently, experimental repeatability is limited only by the CCD camera resolution (1 m). This repeatability is sufficient to manipulate single biological cells such as oocytes.
Presently, no theoretical stability study is underway, but the stability of this controller was tested successfully by simulation and experimental tests. Naturally, friction conditions are not uniform on the surface and the noise does not disturb the controller. Moreover, simulations of noise on model parameters ( and stick slip jumps value) proved the stability of our controller.
B. Micromanipulations
Polystyrene balls 50 m in diameter were micromanipulated with the one degree-of-freedom (DOF) device whose control strategy is described in this article. Open-loop micromanipulations of immature human oocytes of about 150 m in diameter were made with a new 2-DOF magnetic micropusher. The principle used is the same as in the 1-DOF device. A nickel ferromagnetic pusher follows the planar movement of a magnet. The 2-DOF magnet is a cylindrical magnet with axis to obtain the same behavior in both planar DOF and .
An example of a 2-DOF open-loop oocyte micromanipulation is presented in Fig. 17 . This video was made without white paper under the glass slide so as to render visible both the micropusher and the magnet. To obtain a better view of the oocyte and pusher, white paper must be placed under the glass slide and specific lighting is necessary. In pictures 1 and 2, the magnet movement direction is and the pusher follows the magnet in the direction. In pictures 3, 4, and 5, the magnet movement direction is and the pusher trajectory is a coupled movement in and directions. In picture 6, the magnet moves a half turn in the direction to release the oocyte. 
VI. CONCLUSION
The microdevice presented in this article makes it possible to push oocytes in a droplet of biological liquid on a glass slide. In this device, the micropusher is a ferromagnetic object that follows the movement of a permanent magnet located under the glass slide. A movement of the contact point between the micropusher and the glass slide induces a macro movement of the pushed object, while a rotation of the micropusher induces a micro movement of the object. Thus, the micropusher is comparable to a particular micro-macro positioning system, where both micro and macro movements are function of magnet position controlled by a computer. This micro-macro positioning system, which has only one input (the magnet position), cannot be controlled by usual micro-macro control strategies. Consequently, we propose a specific coarse-fine control strategy based on three basic PI controllers specializing in each elementary step (approach, coarse positioning, and fine positioning). A supervisor switches between these specialized controllers depending on the state of the device (position and orientation of the pusher and magnet position). This specific control strategy makes possible a precision of one micrometer within a wide range, despite stick-slip disturbances. 
